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The Effects of Lime on the Hydrogen .. 
Ion Concen tra tion and Base Exchange 
Complex of Grundy Silt LoamI 
By R. H. WALKICR AND P. E. BROWN 
In a study of the effects of various kinds and amounts of lime-
stone on the chemical and bacteriological properties of certain 
southern Iowa soils, it was found by the authors (14) that the 
Grundy silt loam has a rather high absorptive capacity for lime 
and other basic materials. Although the lime requirement of 
this soil was approximately 3 tons of limestone per acre, the ex-
periments indicated that considerably more than 3 tons of 
limestone were necessary to bring the pH to 7.0 or to com-
pletely saturate the exchange complex with bases. Quarry-run 
limestone applied in sufficient amounts to meet the lime re-
quirement increased the pH from 5.19 to only 5.80 in 3 months' 
time, whereas, three times that amount increased the pH to only 
6.6. It was estimated by extrapolation that approximately 
12.6 tons of limestone would be required to bring the reaction 
of this soil up to pH 7.0. Similarly, limestone sufficient to meet 
the lime requirement increased the degree of saturation of the 
base exchange complex with bases from 60.13 to 71.16 percent 
in 3 months, and three times that amount of limestone, or 9.87 
tons per acre of the quarry-run material, increased the degree 
of saturation to only 82.9 percent. 
When these earlier experiments which were conducted in 
the greenhouse, were set up, experiments were also started to 
determine the chemical and bacteriological effects of liming 
Grundy silt loam under field conditions, and the influence of the 
various treatments on the yields of crops. The results of the 
lime treatments alone and in combination with inoculation, ma-
nure and phosphate fertilization on the yields and chemical 
composition of soybeans and alfalfa have been reported else-
where by Walker and Brown (15,16). The present pape~deals 
with another phase of this study, namely, the effects of lime-
stone applied to Grundy silt loam in different amounts and de-
grees of fineness on the changes in the hydrogen-ion concentra-
tion and on the base exchange reactions within the soil under 
field conditions. 
1 Project 227, of the Iowa Agricultural Experiment Station. 
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PLAN OF THE EXPERIMENT 
The Grundy silt loam is the most extensively developed up-
lalld soil in southern Iowa. It is of loessial origin and occurs 
in large areas on the more g-ently rolling to level uplands in the 
Southern Iowa Loess soil area. The portion of the state within 
which this soil occurs is shown in fig. 1 
The surface soil of the Grundy silt loam is a dark grayish-
brown to almost black, rather heavy silt loam, usually extend-
ing to a depth of 10 inches. The subsurface is lighter in color 
and generally somewhat finer in texture. The subsoil is a com-
pact, heavy, plastic and impervious silty clay to clay, mottl ed 
with drab, yellow, yellowish-brown and brown. The profile 
characteristics of typical Grundy silt loam are shown in fig. 2. 
On some of the flatter areas of the Grundy silt loam the drain-
age is rather poor, and frequently crops suffer from an excess 
of moisture. The installation of tile is necessary in such loca-
tions. Where the soil is gently undulating, however, the drain-
age is good. 
rfhe Grundy silt loam is acid in reaction, ordinarily showing 
a lime requirement of about 3 tons of limestone per acre. The 
application of lime is necessary for the best growth of crops 
and especially for most legumes. This soil is also generally 
poorly supplied with phosphorus, and additions of phosphate 
fertilizers ordinarily bring about more satisfactory crop yields. 
Fig. 1. Area of Grundy silt loam in Iowa. 
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In general, however, the Grundy silt loam is productive when 
properly managed, and it is considered the most valuable soil 
type in southern Iowa. 
A field of typical Grundy silt loam 1 mile north of Osceola 
in Clarke County was selected for the experiments. The soil 
had a lime requirement of 3 to 3% tons of limestone per acre 
as shown by the thiocyanate test. In the spring of 1929, 12 plots 
23314 feet long and 28 feet wide were staked out and limestone 
and hydrated lime treatments were made as follows: 
Plot l---check, no lime 
Plot 2-quarry-run limestone, 1 ton per acre 
Plot 3-quarry-run limestone, 2 tons per acre 
Plot 4-quarry-run limestone, 3 tons per acre 
Plot 5-quarry-run limestone, 4 tons per acre 
Plot 6-quarry-run limestone, 5 tons per acre 
Plot 7-quarry-run limestone, 6 tons per acre 
Plot 8---check. no lime 
Plot 9-screened limestone, 20-mesh, 3 tons per acre 
Plot 10-screened limestone, 40-mesh. 3 tons per acre 
Plot ll-screened limestone, 100-mesh. 3 tons per acre 
Plot l2-hydrated lime, equivalent to 3 tons of quarry-run limestone 
The quarry-run limestone was obtained from the A. D. Busick 
quarry which is located about 5 miles northwest of Osceola. 
The chemical analysis of this material showed that it contained 
an equivalent of 84 percent calcium carbonate. The results of 
the sieve test were as follows: 
Larger than 20-mesh __________ ~ __ 4l.3 percent 
Between 20- and 40-mesh _________ 14.7 percent 
Between 40- and 100-mesh ________ 11.6 percent 
Smaller than 100-mesh ___________ 32.3 percent 
The limestones of different degrees of fineness were obtained 
by sieving the quarry-run limestone. The 20-mesh limestone 
is that material which passed through the 20-mesh siev€) but 
which was held on the 40-mesh sieve. The 40-mesh limestone 
is that which passed through the 40-mesh sieve, but was held 
on the lOa-mesh sieve. The lOa-mesh limestone is all of the 
material that passed through the lOa-mesh sieve. All applica-
tions of the screened limestones were made at a uniform rate 
of 3 tons per acre. 
The hydrated lime which was obtained from the local lumber 
dealer was of the same quality as that used for building pur-
poses. It was applied in an amount which would be equivalent 
to 3 tons of limestone on the basis of its calcium oxide content. 
The lime was applied broadcast, June 10, to land that had re-
cently been plowed. Immediately after application the lime 
was thoroughly mixed with the soil by discing and harrowing. 
The first samples of soil for analysis were taken 1 month later. 
Other samples were taken at various intervals over a period of 
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5 years. The samples from each plot were composites of from 
15 to 20 subsamples taken somewhat systematically, but from 
different parts of the plots. The samples were taken with a 
trowel and in each case the soil was well mixed to a depth of 
from 4 to 6 inches before tak-
ing the sample. After the soil 
was brought to the laboratory 
it was thoroughly mixed to in-
sure uniform and representa-
tive sampling. Moisture deter-
minations were made, and 
small samples were then 
weighed out for chemical and 
bacteriological determinations. 
All determinations were made 
in duplicate or triplicate and 
the data presented are aver-
ages of all the determinations 
B, 
on individual samples. Cz 
The pH of all samples taken 
was determined electrometri-
cally by the quinhydrone 
Yel/owi~h qrOy tenacious 
~~1ro~~~h. b/~~~e~y~i~~ (U' 
t-__ -'y_e_lt_o_vv ____ -f3z" 
~tci~t h~~h1yP~:J;:ds~~lh 
yellowish byo ..... n. qY'oy '* 
rusty byo ..... " iron stains 
and concretions 
L-________________ ~GO 
Me.dium 
Acidity 
method as described by Bill-
mann and Jensen (2). The 
b Fig 2 Soil profile of Grundy silt ase exchange determinations loam.' . 
were made on only the sam-
ples taken at the end of each season. The Parker barium 
acetate-ammonium chloride method (13, 14) was employed for 
the base exchange determinations. 2 
As an aid to the interpretation of the pH and base exchange 
data presented in this bulletin, statistical analyses have been 
2 Ten grams of soil that had been passed through a 20-mesh sieve were 
leached with 250 cc. of neutral normal barium acetate solution in a Gooch 
cru cible to replace all the exchangeable bases and hydrogen ions. To deter-
mine the exchangeable hydrogen the leachate was then titrated electrometri-
cally with calcium hydroxide solution to the pH value of the original barium 
acetate solution which was somewhere between pH 7.00 and 7.07. The end 
point of the titration was determined by interpolation of curves drawn from 
the results of the e lectrometric titration. The soil remaining in the crucible 
after leaching with barium acetate solution was again leached with 250 cc. 
of neutral normal ammonium chloride solution to replace a ll the barium ions 
in the exchange complex with ammonium ions. After cOl11Jllete ly saturat-
ing the base exchange complex \vith ammonium ions, the excess ammonium 
chloride of the soil was washed out by leaching with ethyl a lcohol, the leach-
ings being tested for chlorides to determine the point of complete removal of 
occluded ammonium chloride. The soil was then transferred to Kjeldahl 
flasks and the amount of absorbed ammonium ions was determined by dis-
tillation after the addition of 5 grams of magnesium oxide. 
The ' results of the latter determination give the base exchange capacity 
of the soil. J;ly subtracting the amount of exchangeable hydrogen from the 
base exchange capacity, the amount of exchangeable bases of the soil is de-
termined, and the degree of saturation or the percentage of bases in the ex-
change complex is then calculated. All the results are expressed as milli-
gram' equivalents per hundred grams of soil, except those for the degree of 
saturation of the soils which are given in percentage. 
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made by the analysis of variance method of Fisher (5) and de-
scribed by Snedecor (12).3 The correlation coefficients were cal-
culated by the methods described by Wallace and Snedecor (17). 
RESULTS 
INFLUENCE OF DIFFERENT AMOUNTS OF QUARRY-RUN LIME-
STONE ON THE HYDROGEN-ION CONCENTRATION 
OF GRUNDY SILT LOAM 
Each of the plots was sampled four times in 1929, five times 
in 1930, five times in 1931, twice in 1932, and twice in 1933. The 
averages of duplicate or triplicate determinations of the pH 
values of thc plots treated with different amounts of quarry-run 
limestone are shown in table 1. 
TABLE 1. THE pH OF GRUNDY SILT LOAM TREATED WITH DIFFERENT 
AMOUNTS OF QUARRY-RUN LIMESTONE. 
Date of Tons of limestone applied per acre 
sampling ---------------------
0 1 2 3 4 5 6 
---------------
1929 
July 11 5.39 5.69 6.07 6.25 6.32 6.25 6.36 
August 12 5.35 5.67 5.97 6.05 6.07 6.35 6.35 
September 13 5.31 5.77 5.88 6.15 6 . 29 6.54 6.92 
October 14 5.46 5 .85 6.10 6.29 6 . 70 6.72 6.82 
1930 
March 29 5.37 5.87 6.03 6.09 6.15 6.58 6 .80 
May 20 5.55 5.73 6.16 6.42 6.62 6 . 77 6.70 
June 17 5.57 5.76 6.52 6.48 6.58 6 .38 6.63 
September 18 5.47 5.70 5.77 6.07 6.10 6.18 6.42 
October 15 5.45 5.83 5.91 5.57 6.43 6.45 6.84 
1931 
April 6 5.45 5.96 6.02 6.15 6.38 6.88 6.74 
May 20 5.55 5.73 6.16 6.42 6.62 6.77 6.70 
July 16 5.22 5.55 5.99 5.94 6 . 24 6.17 6 . 70 
September 5 5.20 5.57 5.70 6.42 6.57 6.55 6.70 
October 19 5.63 6.02 6.39 6.08 6.47 6.82 7.31 
1932 
June 16 5.S<! 6.07 6.22 6.71 6.74 7.18 7.07 
October 1 5.52 5.99 6 . 43 6.47 6.94 7.00 7.03 
1933 
May 16 5.18 5.61 5.94 6.09 6.17 6 . 61 6.45 
November 4 5.33 5.74 6.11 6.20 6.45 6.58 6.65 
NOTE: Limestone applied June 12, 1929. 
It is apparent from the data that the pH value of the soil 
treated with limestone, regardless of the amount applied, was 
increased above that of the untreated soil, the increase being a 
3 The authors are dee ply indebted to Prof. George W . Snedecor, of the Sta-
tistical Laboratory, Iowa State College, for his many h elpful su'ggestions con-
cerning th e statistical analyses and the interpre tation of the results. 
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function of the amount of limestone applied. It is also evident 
that a large part of the change in reaction brought about by the 
lime treatments occurred between June 10, when the limestone 
was applied, and July 11, when the first samples were taken for 
analysis. There are certain other trends and relationships, how-
ever, which are not quite so obvious and which are perhaps 
masked to a certain extent by the variability of the results. The 
\'ariability may be attributed to a number of factors, anyone 
or all of which may have had some contributing influence. In 
the first place, it is a well recognized fact that the soil of a plot 
may vary considerably in certain characteristics in spite of its 
apparent uniformity. In the second place, it is impossible to 
obtain an absolutely uniform distribution of limestone over the 
soil of a plot to any prescribed depth. Each of these factors 
undoubtedly contributes to what may be termed the sampling 
error. In the third place, a certain amount 'of error or varia-
bility may be attributed to the method us·ed in determining the 
hydrogen-ion concentration. 
It is rather common practice among laboratory ' workers to 
assume that the pH determinations are reliable if replicate de-
terminations on a sample do not vary more than 0.1 pH. In 
a preliminary experiment to determine the error resulting from 
hydrogen-ion determinations and to test the above assumption, 
10 subsamples were withdrawn from a uniform and thoroughly 
mixed sample of Grundy silt loam. The average pH of these 
subsamples was 5.349 and the probable error was -+- 0.009, indi-
cating that in a normal distribution of a large number of such 
determinations the chances are 1 to 1 that the pH values ob-
tained would fall between 5.340 and 5.358. This indicates that 
the error or variability of results contributed by the method 
used in determining ·hydrogen-ion concentration is compara-
tively small. 
Another preliminary experiment was conducted to obtl'lin 
some indication of the variation or~ error that may be contrib-
uted by the heterogeneity of the soil within a plot. Unfortun-
ately it was not possible to use Grundy silt loam in this test. so 
a plot of untreated Clarion loam at the' Agronomy Farm was 
used for sampling. Twenty-one samples taken systematically 
over a 1/ 10 acre plot were used for pH determinations. The 
average pH was 5.374 ± 0.023. The probable error in this case 
was, as would naturally be expected, larger than when replicate 
. determinations were made on a uniform sample of soil. It 
should be recognized that this error has included with it the 
error contributed by the method of making the determination 
as pointed out above. Although there is no reason to assume · 
that the variability in a plot of Clarion loam would be the same 
as that of a plot of Grundy silt loam, the data indicate definitely 
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that there is a certain amount of variability to be expected from 
an apparently uniform plot of soil. 
While the data of these preliminary tests on the source of 
error show the error contributed by certain factors, they do not 
show the source of all the variability that may be observed in 
the data of table 1. For example, they do not show the errors 
contributed by the differences in replicate composite samples 
from the same plot, nor do they show the errors contributed by 
the impossibility of distributing limestone absolutely uniformly 
over a plot. Furthermore, these errors are not isolated in the 
data of table 1 from the actual variations that may occur in the 
pH of a soil at different times of the year or from year to year. 
Recognizing the variability within the data of table 1, it 
seemed desirable to analyze the data statistically by the analy-
sis of variance method in order to isolate the errors inherent in 
the experiment from the differences caused by the various treat-
ments at the various dates. It is recognized that the pH of 
soils may vary at different times within a single season, but be-
cause replicate treatments were not available the several pH 
determinations made on anyone soil during the same year were 
grouped and considered in the analysis as replications. Hence 
those determinations in the year-treatment groups furnish an 
estimate of experimental error. The analysis of variance of the 
data is shown in table 2. 
TABLE 2. ANALYSIS OF VARIANCE OF pH VALUES OF GRUNDY SILT LOAM 
TREATED WITH.DIFFERENT AMOUNTS OF LIMESTONE. 
Degrees of Sum of Mean square 
Source of variation freedom squares 
Total 125 29.3092 
Within year-treatment groups 91 3.8759 . 0426 
Between years 4 1.7343 .4336 
Between treatments 6 23.3005 3.8834** 
Interaction 24 25.0348 1. 0431** 
**Means highly significant. 
The table shows that the mean square between treatments is 
highly significant. The differences in the pH of the various 
soils, therefore, can be attributed to the different amounts of 
limestone applied. The large value of the mean square between 
years indicates that the change in the pH of the soils from year 
to year was also highly significant. There was a rather definite 
increase in the pH of the variously treated soils from year to 
year except in 1933. This apparent inconsistency in the results 
may be explained by the fact that the land was plowed in the 
spring of 1933 for the first time after the limestone was applied. 
This resulted in turning under that portion of the soil with 
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which the limestone was most intimately mixed and turning up 
other soil into which the lime had not penetrated. This natur-
ally caused a lower pH in the samples taken for analysis. 
Another interesting point revealed in this analysis is the fact 
that the interaction between year and treatment is also highly 
signifieant. The data of table 1 show that there is an apparent 
difference in the rate at which the pH of certain soils changed 
from the beginning of the experiment up to the end. For ex-
ample, there seems to be no definite trend in the changes in pH 
of the untreated soil, but there does seem to be a tendency 
for the pH of the limed soils to increase from year to year, at 
least up to 1933. 
The data also indicate that while there was a proportionately 
lal:'gerchange in the · pH of the soils receiving the larger 
amounts of lime previous to the first sampling, when any two 
amounts are compared the trend upward from year to year is 
also greater than when smaller amounts of lime were applied. 
The larger the amount of limestone added to the soil, naturally 
the greater will be the tendency for the pH to increase from 
year to year over a period of a few years. 
In order to obtain a better picture of the comparative effects 
of the different amounts of limestone on the reaction of this 
soil, the mean pH of all the samples taken in each year for the 
soil of each plot have been calculated. These mean values for 
each year, except 1933, have been plotted and are shown 
in fig. 3. 
Although the shapes and slopes of the curves vary for the 
different years, the most obvious fact is the general trend 
toward an increase in the pH of the soils with increasing 
amounts of limestone applied. It may also be observed that the 
points representing the pH of the soils with the heavier lime-
stone applications become relatively higher in successive years 
than the points representing the lighter applications of lime. 
This shows graphically that which was revealed in the analysis 
of variance wherein it was shown that the interaction between 
year and treatment is highly significant. 
Although the analysis of variance of the data shows the in-
creases in pH from plot to plot to be highly significant, and the 
graphs of mean values show a rather definite and consistent in-
crease in pH with lime treatment, there still remains the ques-
tion of the significance of the increases from any single plot to 
the next. In order to determine this, the lowest significant and 
highly significant values of the mean differences in pH between 
any two plots were calculated by the following formula: 
M.D.=uM.D X t 
where M.D. is the lowest significant or highly significant mean 
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Fig. 3. The mea n pH per year of Grundy s ilt loam treated with different 
amounts of quarry-run limestone. 
difference, (J"M.D. the standard deviation of the mean difference, 
and t Fisher's (5) tabular value which is dependent upon the 
number of degrees of freedom. For this comparison the lowest 
mean difference to be significant is 0.108 pH and the lowest 
mean difference to be highly significant is 0.145 pH. By com-
paring the actual mean difference in pH for any two soils with 
the above values the f ollowing conclusions are reached. 
One ton of limestone produced a highly significant incrense 
in the pH over that of the untreated soil, and the 2-ton appli-
cation likewise gave a highly significant increase in pH over 
the I-ton treatment. Although th e increase in pH induced by 
the 3-ton treatment was consistent with the other increases ~t 
was not large enough to be highly significant, but it was signifi-
cant. The 4-ton and the 5-ton treatments each gave highly sig-
nificant increases in pH over the 3 and 4-ton treatments, r espec-
tively, and the 6-ton treatment gave a significant increase in pH 
over the 5-ton treatment. In general, it may be stated that each 
additional ton of limestone applied up to 6 tons per acr~ , which 
is double the amount needed by the soil as indicated by the lime 
requirement test, gave significant or highly significant increases 
in the mean pH of the soil. 
The hydrogen-ion concentration of this soil was not reduced 
to the neutral point by the heaviest application of limestone, 6 
tons per acre, until the end of the third season. The soil treated 
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with 5 tons had reached that point by the following year. None 
of the other soils.attained that condition during the experiment 
although the soil treated with 4 tons of limestone per acre 
reached a pH of 6.94 by the end of the fourth season. This is 
undoubtedly sufficiently high for a good growth of the most 
exacting of the acid-sensitive legume crops. The soil receiving 
the 3-ton application, equivalent to the lime requirement of the 
soil, attained a pH of 6.48 by the middle of the second season. 
This point is very close to that indicated by Truog (19) and 
also by Hull (7) as the desirable one to which acid soils should 
be neutralized for a good growth of alfalfa and also for the 
maximum availability of phosphorus. The yields of alfalfa 
produced on these plots and reported by WalIter and Brown 
(16) support this belief. 
INFLUENCE OF LIMESTONES OF DIFFERENT DEGREES OF 
FINENESS AND OF HYDRATED LIME ON THE HYDRO· 
GEN·ION CONCENTRATION OF GRUNDY SILT LOAM 
The plots treated with limestones of different degrees of fine-
ness and with hydrated lime were sampled at the same times 
as the other plots, and the hydrogen-ion concentration was de-
TABLE 3. THE pH OF GRUNDY SILT LOAM TREATED WITH LIMESTONE OF 
DIFFERENT DEGREES OF FINENESS AND WITH HYDRATED LIME 
IN EQUIVALENT AMOUNTS PER ACRE. 
Date of Degree of fineness of limestone Hydrated 
sampling lime 
quarry run 20-mesh 40-mesh 100-mesh 
1929 
July 11 6.25 6.07 6.42 6.84 7.14 
Aug. 12 6.05 5.98 6.23 6.77 7.18 
Sept. 13 6.15 5.82 6.37 6.60 7.48 
Oct. 14 6.29 6.19 6 .72 7.05 7.55 
1930 
March 29 6.09 6.28 6.48 6.75 7 . 04 
May 20 6.42 6.71 6.97 7.03 7 .23 
June 17 6.48 6.17 7.11 7.17 6.73 
September 18 6.07 6.08 6.65 6 .62 6.59 
October 15 5.57 6 .55 6.65 7.04 6.50 
1931 
April 6 6.15 6.38 6.83 6.91 6.98 
May 20 6.42 6.71 6.97 7.03 7.23 
July 16 5.94 6.27 6.53 6.77 6.51 
September 5 6.42 5 .95 6.40 6 .72 6.65 
October 19 6 .08 6.47 7 . 12 6 .98 7.14 
1932 
June 16 6.71 6.78 6.85 6.67 6.84 
October 1 6.47 6.29 6.30 6 .74 6.87 
1933 
May 16 6 .09 6.16 6 .21 6 .35 6.38 
November 4 6.20 6 .23 6.31 6.09 6.31 
NOTE: Lime applied June 12, 1929, at the rate of 3 tons of limestone per acre or its CaO equi-
valent. 
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TABLE 4. ANALYSIS OF VARIANCE OF pH VALUES OF GRUNDY SILT LOAM 
TREATED WITH LIMESTONE OF DIFFERENT DEGREES OF FINENESS 
AND WITH HYDRATED LIME IN EQUIVALENT AMOUNTS. 
Degrees of Sum of 
freedom squares Mean square 
Total 89 14.1504 
Within year-treatment groups 65 3.7992 .0584 
Between years 4 1. 2895 .3224** 
Between treatments 4 6.6591 1 .6648** 
Interaction 16 2.4026 . 1501 ** 
'*MeanB highly significant. 
termined in each case as described previously. The results of 
the analyses are shown in table 3. The analysis of variance of 
the data is shown in table 4, and the mean pH values for each 
soil by years are shown graphically in fig. 4. 
The analysis of the data shows that the differences in the pH 
of the soils from plot to plot and also from year to year are 
highly significant. It also shows that the interaction between 
treatment and year is highly significant, meaning that the reac-
tion of different soils changed at different rates from year to 
year. 
It may be observed from the data that during the first year 
the pH of the soil treated with quarry-run limestone was slight-
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Fig. 4. The mean pH per year of Grundy silt loam treated with limestone 
of different degrees of fineness and with hydrated lime. 
182 
ly higher than that of the soil treated with 20-mesh limestone. 
This may be attributed to the fact that the quarry-run lime-
stone contained a considerable percentage of material finer than 
20 to 40-mesh, while all of the 20-mesh material was uniform in 
size between 20 and 40-mesh. The finer portions of the ma-
terial eontained in the quarry-run limestone would, undoubt-
edly, react with the soil acids more rapidly than the coarser 
portions. By the second year, however, this advantage was 
practically overcome by the 20-mesh material, and considering 
the results as a whole for the 5-year period, the mean pH was 
calculated to be significantly higher in the soil treated with 
20-mesh limestone than in that treated with quarry-run ma-
terial. The results of the mechanical analysis of the quarry-
run limestone show that there was also an appreciable amonnt 
of the material coarser than 20-mesh, which would, undoubt-
edly, be slower to react with the soil than the 20-mesh lime-
stone. This may be the explanation of part of the significant 
interaction among the treatments. 
The data also reveal the fact that the pH of the soil in these 
plots was changed most rapidly during the month which elapsed 
between the time the lime applications were made and the first 
samples were taken, as the reaction of the untreated soil was 
near pH 5.4. At the first sampling the pH of the soil treated 
with 100-mesh limestone was 6.84, which is undoubtedly equal 
to or well above the reaction essential for a good growth of 
alfalfa and maximum availability of phosphorus. The pH of 
the soil treated with hydrated lime was even higher, being con-
siderably above the n eutral point throughout the entire first 
season. There seemed to be no definite trend toward an in-
crease in the pH of the soil of these two plots, but there does 
seem to be a trend toward a slight decrease in the· pH of the 
soil receiving the hydrated lime. There was perhaps slightly 
more variability in the pH of the latter soil owing to the 
greater difficulty in spreading the hydrated lime uniformly 
over the plot. If a sample were taken in an area where a 
slight excess of the hydrated lime had been applied it would 
have a tendency to be higher in pH than samples from plots 
treated with the limestone. 
There seemed to be a rather definite trend toward an increase 
from year to year in the pH of the soil treated with 40-mesh 
limestone. By the second year this value, as an average of the 
5 samples, was well over 6.5, which has been considered by a 
number of investigators as a desirable point to which to bring 
the reaction of an acid soil. 
Considering the average results for the 5-year period the pH 
of the soil receiving 20-mesh limestone was significantly higher 
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than 'that of the soil from the quarry-run plot, and in turn the 
pH of the soil receiving the 40-mesh limestone was significantly 
higher than that of the soil receiving the 20-mcsh limestone. 
Although the average pH of the soil receiving the lOa-mesh 
limestone was larger than that for the soil where the 40-mesh 
material was used, the difference was not large enough to be 
significant. The average pH of the soil treated with hydrated 
lime was significantly higher than that of the soil on the plot 
to which lOa-mesh limestone was added. According to these 
results it would seem desirable, from the standpoint of the ef-
fects on the pH of the soil, to apply limestone ground suffi-
ciently fine to pass a 40-mesh sieve, but it would hardly seem 
advisable to grind limestone as fine as lOa-mesh as this gives 
such a slight increase in pH. The data also indicate that the 
reaction of the 40-mesh limestone with the soil acids was suffi-
ciently rapid to be almost as effective the first season as the 
lOa-mesh material, at least this treatment increased the pH 
almost to the 6.5 point the first season, which is probably all 
that is necessary. 
THE INFLUENCE OF DIFFERENT AMOUNTS OF QUARRY-RUN 
LIMESTONE ON THE BASE EXCHANGE REACTIONS 
IN GRUNDY SILT LOAM 
Samples were taken from the various plots in the fall of the 
first year after the limestone applications were made, and also 
in the fall of each succeeding year for 4 years, and base ex-
change determinations were run. The results of the analyses 
made on the samples from the plots treated with different 
amounts of quarry-run limestone are shown in table 5. 
It may be observed from the data that the base exchange 
capacity of the soil of the various plots was rather uniform, the 
small variations being well within the variations contributed by 
random sampling and the methods of the determination. In 
table 6 is presented the analysis of variance of all the data ob-
tained on the base exchange capacity of the soil from the 
various plots, including those treated with different amounts 
of limestone and also those treated with limestone of different 
degrees of fineness and with hydrated lime (see table 8). Inas-
much as the base exchange capacity determinations were made 
only once each year, the interaction mean square is the best 
available estimate of experimental error in this case. The 
analysis reveals the fact that the differences in the base ex-
change capacity of the different soils for anyone year are not 
significant and that the values vary no more than they would if 
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TABLE 5. THE BASE EXCHANGE CAPACITY AND THE DEGREE OF SATURATION 
OF GRUNDY SILT LOAM TREATED WITH DIFFERENT AMOUNTS 
OF QUARRY-RUN LIMESTONE. 
I Amounts of limestone applied per acre 
no lime[~[ 2 tons [ 3 tons [ 4 tons [ -5 tons [ 6 tons [no lime 
One-half year after treatment 
Base exchange capacity 23.30 22.50 22.85 22.82 23.70 23.72 23.07 22.37 
Exchangeable hydrogen 7.98 7.32 6.75 6.65 6.46 6.17 4.75 7.22 
Exchangeable bases 15.32 15.18 16.10 16.17 17.24 17.55 18.32 15 .15 
Percentage of saturation 65.75 67.46 70.46 70.86 72.74 73.98 79.41 67.72 
One and one-half years after treatment 
Base exchange capacity 24.60 24.45 24.10 24.25 24.20 24.35 24.55 24.40 
Exchangeable hydrogen 7.75 6.15 6.21 4.44 5.70 4.10 2.96 6.84 
Exchangeable bases 16.85 18.30 17.89 19.79 18.50 20.25 21.59 17.56 
Percentage of saturation 68.49 74.84 74.23 81.60 76.44 83.16 87.53 71.96 
Two and one-half years after treatment 
Base exchange capacity 23.10 23.18 22.82 22.73 22.87 22.62 23.25 23.67 
Exchangeable hydrogen 7.09 5.88 5.25 5.14 4.70 2.03 1.63 7.58 
Exchangeable bases 16.01 17.30 17.57 17.61 18.17 20.59 21.62 16.09 
Percentage of saturation 69.30 74.63 76.99 77.47 79.45 91.02 92.99 67.97 
Three and one-half years after treatment 
Base exchange capacity 22.5 22.2 22.6 21.6 21.9 21.9 21.9 22.3 
Exchangeable hydrogen 8.0 7.1 4.8 4.5 2.5 1.6 1.2 7.4 
Exchangeable bases 14.5 15.1 17.8 17 .1 19.4 20.3 20.7 15.9 
Percentage of saturation 64.44 68.01 78.76 79.16 88.58 92.69 94.52 71.31 
Four and one-half years after treatment 
Base exchange CRcfrRCity 22.9 22.6 22.7 22.7 22.3 23.9 24.3 23.6 
Exchangeable hy ogen 8.2 7.2 5.9 5.4 4.2 3.2 3.8 8.7 
Exchangeable bases 14.7 15.4 16.8 16.9 18.1 20.7 20.5 14.9 
Percentage of saturation 64.19 68.14 74.00 75.78 81.16 86.61 84.36 63.13 
NOTE: The values cf base exchange capacity, exchangeable hydrogen and exchangeable 
bases are expressed in terms of milligram equivalents per hundred grams of Boil. 
TABLE 6. ANALYSIS OF VARIANCE OF THE DATA FOR BASE EXCHANGE CA-
PACITY OF GRUNDY SILT LOAM TREATED WITH LIMESTONE IN 
DIFFERENT AMOUNTS AND DEGREES OF FINENESS AND 
Source of variation 
Total 
Between means of years 
Between means of plots 
Remainder, interaction 
**Highly significant. 
tNot significant. 
WITH HYDRATED LIME. 
Degrees of 
freedom 
59 
4 
H 
44 
Sum of 
squares Mean square 
48.68 
18.73 4.68** 
9.32 .84 t 
20.63 .47 
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taken at random from a homogeneous or uniformly treated soil. 
On the other hand, the analysis shows that there is a signifi-
cant difference in the base exchange capacity of the soils from 
year to year. This is difficult to explain satisfactorily, for ac-
cording to the generally accepted theories, the base exchange 
capacity of a soil is a rather definite and fixed characteristic. 
Cases have been reported, however, of a build-up or break-down 
of the absorbing complex. Burgess (4) found that it is possible 
to increase the base exchange capacity of many arable soils by 
treating them with alkaline salt solutions or with alkaliR, and 
that it is also possible to break down the zeolitic complex of 
soils by leaching them with relatively large amounts of dilute 
organic acid solutions. He concluded that the base exchange 
complex may not be as fixed and immutable as many soils inves-
tigators have heretofore assumed. 
Merkle (9) found that the base exchange capacity of the soil 
of the Pennsylvania field plots was decreased by cultivation, 
and increased by barnyard manure, lime and a mixture of su-
perphosphate and muriate of potash. The increase in exchange 
capacity on the soils treated with superphosphate and muriate 
of potash was attributed to the higher organic matter content 
which the soil of these plots has attained. 
In the present experiment the variations in exchange capacity 
were from year to year, however, and not from plot to plot, the 
values for the check soils varying in the same direction as the 
treated soils. Furthermore, there ' was no definite trend up-
ward or downward in exchange capacity during the period of 
the tests, but, as may be observed, the values were up one year 
and .down the next. Although it may be possible that the base 
exchange capacity of a soil may actually vary, as a result of 
climatic or other conditions, to the extent shown by the data, 
the authors are inclined to believe that the differences from 
year to year in the base exchange capacity, as shown by these 
data, are ,due more to the errors inherent in the methods of 
analysis than to actual differences in the base exchange capaci-
ty of the soil. Anyone who has worked with these methods will 
agree that it is very difficult to obtain duplication of results 
on the base exchange capacity of a soil from year to year. It 
seems that the significance of the differences in results from 
year to year as shown in table 6 indicates that there is much to 
be desired in the improvement of methods for the determination 
of base exchange capacity. Fortunately, for purposes of com-
parison of the effects of the different treatments, the differences 
in base exchange capacity of the soil from the different plots 
in anyone year are so small that they are not significant of 
heterogeneity. 
In order to determine the effects of the different limestone 
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treatments, measurements were made of the amount of exchange-
able hydrogen remaining in the base exchange complex at the 
time the base exchange analyses were made. These data, shown 
in table 5, have been analyzed statistically by the analysis of 
variance method, and the analysis is shown in table 7. 
TABLE 7. ANALYSIS OF VARIANCE OF THE AMOUNTS OF EXCHANGEABLE HY-
DRoGEN IN THE BASE EXCHANGE COMPLEX OF GRUNDY SILT 
LOAM TREATED WITH DIFFERENT AMOUNTS 
OF LIMESTONE. 
Degrees of Sum of 
Source of variation freedom squares Mean square 
Total 34 131. 52 
15.35" 
Between means of plots 6 92.11 
Between means of years 4 23.60 5.90*' 
Remainder I interaction 24 15.81 . 658 
'*Highly significant. 
The statistical analysis shows that the differences between 
the means of the amounts of exchangeable hydrogen in the soils 
of the differently treated plots are very highly significant, and 
also that the differences between the means of the results by 
years are highly significant. It may be observed from the data 
of table 5 that there is a very definite and consistent decrease in 
the amount of exchangeable hydrogen in the base exchange 
complex resulting from the application of each additional ton 
of limestone. By the end of the first half year the exchangeable 
hydrogen was decreased from 7.98 m.e. in the untreated soil to 
6.65 m.e. in the soil treated with 3 tons of limestone, which is 
equivalent to the lime requirement of the soil, and to 4.77 m.e. 
by double that amount of limestone. 
It may also be observed that the exchangeable hydrogen was 
decreased from year to year in the lime-treated soils during the 
first three and one-half years. The data show an increase the 
fifth year, which was undoubtedly because the land was plowed 
in the spring of that year, and this r esulted in turning up por-
tions of soil with which the limestone had not been intimately 
mixed, into the sampling zone. Similar results were noted in 
'the hydrog~n-ion determination as described above. 
The exchangeable hydrogen of the soil treated with 3 tons 
of limestone was decreased from 6.65 m.e. to 4.5 m.e. during the 
3 years of reaction of the limestone with the soil, and the 6-ton 
treatment reduced the exchangeable hydrogen from 4.75 m.e. 
to 1.2 m.e. during the same period. Naturally the larger 
amounts of limestone made the largest reduction in exchange-
able hydrogen during the first half year, but they also continued 
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to reduce the amount of exchangeable hydrogen rapidly 
throughout the entire period. 
The calculated values for exchangeable bases in the exchange 
complex are also shown in table 5. It is obvious that these 
values were increased by the limestone treatments in direct pro-
portion to the decrease in exchangeable hydrogen. A discus-
sion of the effects of the limestone treatments on this soil char-
acteristic would, therefore, be superfluous. 
In order to obtain a better picture of the comparative effects 
of the different amounts of limestone on the base exchange 
complex within this soil, the degree of saturation of the exchange 
complex with bases has been calculated. The values are shown 
in table 5. Inasmuch as these values are dependent upon the 
base exchange capacit.y and the relative amounts of exchange-
able hydrogen and bases adsorbed therein, a statistical analysis 
of the data has not been made as was done with the exchange 
capacity and exchangeable hydrogen data. 
The changes in the degree of saturation with bases are rather 
obvious. ·There was a rather definite and consistent increase in 
the degree of saturation resulting from the application of each 
additional ton of limestone. At the end of the first season the 
base exchange complex of the soil without lime was found to be 
65.75 percent saturated with bases, while that of the soil treated 
with 3 and 6 tons of limestone was 70.86 and 79.41 percent sat-
Ul'ated, respectively. Thus, the percentage of saturation was 
increased by more than 13 percent by the largest amount of 
limestone and was almost brought to 80 percent. In subsequent 
years the degree of saturation continued to increase in the 
limed soils, until it reached the high value of 94.52 percent by 
the fourth season in the soil treated with limestone at the rate 
of 6 tons per acre. By this same time the 3-ton application had 
increased the degree of saturation to almost 80 percent. 
If the mean values of the degree of saturation of the differ-
ently treated soils are calculated for the 5 seasons as a whole, 
the following results are obtained: no lime, 66.43 percent; 1 ton, 
70.61 percent; 2 tons, 74.89 percent; 3 tons, 76.99 percent; 4 
tons, 79.67 percent; 5 tons, 85.49 percent; and 6 tons, 87.76 per-
cent. Likewise if the mean values for the different years are 
calculated for the soils in all plots as a whole, the following re-
sults are obtained: First year, 71.52 percent; second year, 78.04 
percent; third year, 80.26 percent; fourth year, 80.88 percent; 
and fifth year, 76.32 percent. These average values show very 
definitely the effects of the different amounts of limestone in 
increasing the degree of saturation, and furthermore, they show 
. how these values are increased from year to year as a result of 
the continued reaction of the limestone with the soil. 
In no case was the base exchange complex of this soil com-
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pletely saturated -with bases. Even where double the amount 
of limestone needed by the soil, as indicated by the lime re-
quirement test was applied, and where 3% years were allowed 
for reaction of the limestone with the soil, the degree of satura-
tion was increased to only 94.52 percent. The practical signifi-
cance of.these increases will be discussed later. 
INFLUENCE OF LIMESTONES OF DIFFERENT DEGREES OF 
FINENESS AND HYDRATED LIME ON THE BASE 
EXCHANGE REACTIONS IN GRUNDY SILT LOAM 
The results of the base exchange determinations on the soils 
of the plots treated with lim(lstones of different degrees of fine-
ness and with hydrated lime are shown in table 8. 
TABLE 8. THE BASE EXCHANGE CAPACITY AND THE DEGREE OF SATURATION 
OF GRUNDY SILT LOAM TREATED WITH LIMESTONE OF DIFFERENT 
DEGREES OF FINENESS AND WITH HYDRATED LIME IN 
EQUIVALENT AMOUNTS. 
I Degrees of fineness of limestone used I Hydrated quarry-runl 20-mesh I 40-mesh \1Oo-mesh hme 
One-half year after treatment 
Base exchange capacity 22.82 22.10 21.30 23.9Q 24.32 
Exchangeable hydrogen 6.65 4.37 2.76 2.85 1.14 
Exchangeable bases 16 .17 17.73 18.54 21.05 23.18 
Percentage saturation 70.86 80.22 87.04. 88 . 07 95.31 
One and one-half years after treatment 
Base exchange capacity 24.25 20.80 24.25 23.95 24.90 
Exchangeable hydrogen 4.44 3.42 3.02 2.28 2.39 
Exchangeable bases 19 .79 17 .38 21.13 21.67 22.51 
Percentage saturation 81.60 83.55 87.13 90.48 90.40 
Two and one-half years after treatment 
Base exchange capacity 22.73 23.10 22.44 23.92 23.80 
Exchangeable hydrogen 5.14 4.33 1.06 1.96 2.28 
Exchangeable bases 17.61 18.77 21.37 21.96 21.52 
Percentage saturation 77.47 81.25 95.27 91.84 90.42 
Three and one-half years after treatment 
Base exchange capacity 21.6 22.8 22.0 23.0 23.8 
Exchangeable hydrogen 4.5 4.6 3.8 3.3 2.0 
Exchangeable bases 17 . 1 18.2 18 .2 19 .7 21.2 
Percentage saturation 79.16 79.80 82.72 85.65 91.37 
Four and one-half years after treatment 
Base exchapge capacity 22.3 23.1 22.7 22.7 22.7 
Exchangeable hydrogen 5.4 4.7 4.3 5.5 5.1 
Exchangeable bases 16.9 18.4 18.4 17 . 6 17 .6 
Percentage saturation 75.78 79.65 81.05 76.19 77.53 
NOTE: The values of base exchange capacity, exchangeable hydrogen and exchangea!)l. 
bases are expressed in terms of milligram equivalents per hundred grams of soil. 
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The results of the determinations of base exchange capacity 
on these soils were analyzed statistically along with the data 
for the soils treated with different amounts of quarry-run lime-
stone (see table 5), and the analysis presented in table 6 (as 
previously noted) is based upon the data of both groups of 
soils. As it has been pointed out, the statistical analysis reveals 
that the differences in base exchange capacity of the differently 
treated soils are not significant for anyone year, but that the 
differences from year to year are statistically significant. The 
interpretation of these facts has also been discussed. 
The data for exchangeable hydrogen in the exchange com-
plex of these soils have been analyzed statistically by the analy-
sis of variance, and the analysis is shown in table 9. 
TABLE 9. ANALYSIS OF VARIANCE OF THE AMOUNTS OF EXCHANGEABLE HY-
DROGEN IN THE BASE EXCHANGE COMPLEX OF GRUNDY SILT LOAM 
TREATED WITH LIMESTONE OF DIFFERENT DEGREES OF 
FINENESS AND WITH HYDRATED LIME IN 
Total 
Between means of plots 
Between means of years 
Remainder, interaction 
*Significant 
**Highly significant 
EQUIVALENT AMOUNTS. 
Degrees of 
freedom 
24 
4 
4 
16 
Sum of 
squares Mean square 
50.34 
5.77** 
23.07 
13.20 3.30* 
14.07 .88 
Two important facts have been revealed 'by this analysis, 
namely: that the differences between the means of treatments 
are highly significant and that the differences between the 
means of years are significant. It is obvious from the data of 
table 8 that during the first year the amount of exchangeable 
hydrogen was decreased to a greater extent by the finer grades 
of limestone than by the quarry-run or 20-mesh limestones and 
to the greatest extent by the hydrated lime. In later years, as 
the coarser material had more time to react, there was a further 
decrease in the amount of exchangeable hydrogen in the soils 
treated with quarry-run and 20-mesh limestones, but in no case 
was the exchangeable hydrogen decreased to as Iowa value by 
these materials as by the 40-mesh and 100-mesh limestones or 
by the hydrated lime. 
Likewise, it may be observed from table 8 that the degree of 
saturation of the exchange complex with bases was increased 
to a greater extent by the finer grades of limestone than by the 
coarser grades, and to a still greater extent by the hydrated 
lime. The differences in degree of saturation between the 100-
mesh limestone and hydrated lime treated soils, however, was 
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not great in most cases, the greatest difference occurring at the 
end of the first season . . This indicates that the hydrated lime 
reacted with the exchange complex more rapidly than the 100-
mesh limestone, but that by the end of the second season, the re-
action had been changed to practically the same extent by both 
materials. 
The mean values for the degree of saturation of the differ-
ently treated soils over the five seasons as a whole are as fol-
lows: quarry-run, 76 .99 percent; 20-mesh, 80.89 percent ; 40-
mesh, 86.64 percent; 100-mesh, 86.44 percent; and hydrated 
lime, 89.00 percent. The mean values by years of all plots as a 
whole are as follows: first year, 84.30 percent, second year, 86.63 
percent; third year, 87.25 percent; fourth year 83.74 percent; 
and fifth year, 78.04 percent. 
DISCUSSION 
The lime requirement of the Grundy silt loam studied in these 
experiments was approximately 3 tons per acre as determined 
by the thiocyanate test and slightly over 3 tons according to the 
Hardy and Lewis (6) electrometric titration method; yet 6 tons 
of limestone did not bring the hydrogen-ion concentration to 
pH 7.0 until the fourth year nor did this amount of limestone 
replace all the exchangeable hydrogen and completely saturate 
the exchange complex with bases during the 5 years of the ex-
periment. By estimating the amount of limestone r equired to 
decrease the hydrogen-ion concentration to pH 7.0 by extrapo-
lation of a curve dravvn from the average pH values of the plots 
during the third season, it is found that about 8 tons of lime-
stone would be necessary. 
If it is necessary to apply sufficient limestone to decrease the 
hydrogen-ion concentration to pH 7.0, it would b e rather ex-
pensive, and perhaps too costly to be economically desirable 
on acid soils like the Grundy silt loam which has a high base 
exchange capacity and a high buffer capacity. On the other 
hand, if it were necessary to apply sufficient lime to decrease 
the hydrogen-ion concentration to pH 7.0 and to completely sat-
urate the exchange complex with bases, and if only an amount 
of limestone equivalent to the lime requirement of the soil were 
applied, the effects on crop yields would undoubtedly be far 
from satisfactory. 
Bray and DeTurk (3) found that sweet clover grew well on 
unlimed soils having hydrogen-ion concentrations between pH 
6.5 and 7.0. 'l'hey also found that the base exchange complex of 
these soils was only about 80 percent saturated with bases. They 
found a rather close relationship between the pH of the soil and 
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the degree of saturation, and they came to the conclusion that 
it is necessary to apply only sufficient lime to acid soils to bring 
the reaction up to pH 6.5 or the degree of saturation up to 80 
percent. 
Joffe and McLean (8) concluded that "the only logical 
method of applying lime is to introduce enough, in milligrams 
equivalent, of the H ions found by replacement and titration to 
saturate the complex." 
Salter (10) grew corn, wheat and hay on Canfield silt loam limed 
to pH values of 4.5,5.0,6.0,7 .0 and 8.0. Decidedly the best yields 
of both alfalfa and red clover were obtained at a neutral reac-
tion, pH 7.0. Moreover, the yields of both corn and wheat were 
also the highest at this reaction. Although the data show the 
desirability of decreasing the hydrogen-ion concentrati.on 
beyond pH 6.0, they do not show whether this decrease should 
go all the way to pH 7.0. If it is recalled that a soil with a pH 
of 6.0 has 100 times the concentration of hydrogen ions as one 
with pH 7.0, it is not difficult to appreciate the wide spread in 
the acidity of two such soils. Therefore, the data do not dis-
prove that it may not be necessary to reduce the hydrogen-ion 
concentration to complete neutrality. 
Truog (19) found that when the acidity of a soil is greater 
than pH 6.5, the soluble phosphates react with goethite 
(Fe2 0s.H20) to form a basic iron phosphate of low availability 
to plants. On the other hand, when the pH reaches 6.5 and 
higher, the phosphate of basic iron phosphate tends to break 
away from the goethite and forms calcium phosphate, which is 
soluble enough in the carbonic acid excreted by plant roots to 
supply the phosphate requirements of the plants. He also 
found that actual field tests checked rather well with these lab-
.oratory findings. Practically all field soils that contained an 
adequate supply of available phosphate had a pH of 6.5 or 
higher. Soils with a pH lower than 6.5 rarely contained an 
adequate supply of available phosphate unless manure or fer-
tilizer had very recently been applied. Truog came to the prac-
tical conclusion that in general farming it will usually de desir-
able to lime soils sufficiently to reduce the acidity to a pH of 
6.5 in order to create a condition in the soil which will better 
permit the growing plants to feed upon the phosphates 'which 
are present. Hull (7) came to the same conclusions. 
Other work at the Wisconsin station (18) has indicated that 
it is not necessary completely to neutralize the soil acidity for 
the production of alfalfa on the sandy soils of the Spooner and 
Ashland Branch stations. Test plots at the Spooner station 
where the soils show a lime requirement of 3 to 4 tons of lime-
stone per acre, but have been treated with 2 tons have given 
alfalfa yields, over a period of years, fully equal to plots treated 
with 4 tons of ground limestone per acre. 
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Pierre (11) observed that the hydrogen-ion concentration of 
soils and the degree of saturation of the exchange complex 
with bases were not correlated. He studied soils that varied 
widely in both physical and chemical characteristics, and he 
suggested that the reason other investigators had found a 
rather close relationship between these two characteristics is 
that they had worked with soils of similar origin or of similar 
physical and chemical characteristics. In rather extensive 
greenhouse experiments he found that the growth of the so-
called acid-sensitive crops was more closely related to the de-
gTee of saturation of the soil exchange complex than to the 
hydrogen-ion concentration. 
This conclusion is in accord with those of Albrecht (1) who 
has found that the limiting factor in the growth and nodulation 
of legumes in many acid soils is a deficiency of available cal-
cium rather than the excessive concentration of hydrogen ions. 
Whitson, Chapman and Hull (18) have also found that al-
falfa, clovers and other "lime loving" farm crops do not need 
a sweet, or alkaline soil so much as they need an available sup-
ply of calcium. They claim that soil acidity, as such, is not 
particularly detrimental if adequate supplies of calcium are 
available. They found that where good alfalfa was produced 
on highly acid soils there was an average of 565 p<lunds of 
available calcium per acre, whereas there were only 346 pounds 
of available calcium per acre in similar soils producing poor 
alfalfa. 
It seems logical that it would be more important to have a 
proper balance between the calcium and hydrogen ions in the 
exchange complex, as would be shown by the degree of satura-
tion, than to decrease the concentration of the hydrogen ions 
completely without consideration of the concentration of the 
calcium ions, nor of the total base exchange capacity of the 
soil. In actual practice, however, the calcium ions would be 
increased automatically if hydrogen ions were reduced by ap-
plications of limestone . 
. Joffe and McLean (8) came to the conclusion that there is no 
correlation between the pH and the total replaceable hydrogen 
ions in the soil complex. 
In the present investigation there was found to be a very 
highly significant negative correlation between the pH of the 
soil and the amount of exchangeable hydrogen in the exchange 
complex. The correlation coefficient, "r," was found to be 
-0.75. Inasmuch as the pH value is really the negative expo-
nent of the hydrogen-ion concentration, the above negative cor-
relation indicates a positive correlation of the same value be-
tween the hydrogen-ion concentration and the exchangeable 
hydrogen of these soils. 
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Merkle (9) also observed a close correlation between these 
two soil characteristics. These results are not in conflict with 
those of Pierre, for in the Pennsylvania experiments, and also 
in those reported here, a uniform soil, with similar physical and 
chemical characteristics was studied after different treatments 
had been made, while Pierre studied soils of widely different 
original characteristics. 
In the data reported in this paper, there was also found to 
be a close correlation between the pH of the variously treated 
soils and the degree of saturation of the exchange complex. The 
correlation coefficient was +0.625, which was found to be very 
highly significant. Hull (7) also found a general correlation 
between the percentage base saturation and the acidity of the 
soil, and a correlation between the percentage base saturation 
and the response to lime. Insofar as these experiments have 
been conducted, they support Pierre's conclusions that the de-
gree of saturation is correlated with crop growth and response 
to lime on acid soils. Due perhaps to the fact that they have 
been conducted on similar soils where a correlation was ob-
tained between pH and crop growth, these experiments do not 
lend evidence to the conclusion that the degree of saturation is 
a more important factor in determining the growth of plants 
in acid soils than is the hydrogen-ion concentration. 
It may be observed from the data reported that the soil 
treated with 3 tons of limestone, which is equivalent to the lime 
requirement, had an average pH value of over 6.5 by the fourth 
season and a degree of saturation of slightly above 80 percent 
by the end of the second season . . With the 5-ton treatment 
these values were reached earlier, but there was no large differ-
ence between the 3 and 4-ton treatments., The crop yield data 
for these plots presented elsewhere by Walker and Brown (16) 
indicate that larger yields of alfalfa were obtained from the 
plots treated with 4, 5 and 6 tons of limestone than from the 
plot treated with 3 tons, but that there was no significant differ-
ence in the yields produced by the 4, 5 and 6-ton applications. 
Undoubtedly, the hydrogen-ion concentration or the degree of 
saturation, or both, had been brought to a more favorable point 
for the growth of alfalfa by the 4, 5 and 6-ton applications than 
by the 3-ton application of limestone. 
From the data presented here and also from the consideration 
of the results of other investigators, it would seem that it may 
not be necessary, nor economically desirable, to apply sufficient 
limestone to reduce the pH value of the soil to pH 7.0 nor to 
completely saturate the exchange complex with bases. It seems, 
also, that if sufficient limestone is applied to bring the reaction 
of the soil to pH 6.5 or to some definite degree of saturation, the 
exact point of which can be established only after further investi-
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gational work, that is all that may be desired from the stand-
point of soil conditions and plant growth. Furthermore, it 
seems that applications of such amounts of limestone, especially 
in the case of highly buffered soils like the Grundy silt loam, 
would be economically more practicable. 
When considering the effects of the limestones of different 
degrees of fineness and of hydrated lime, it may be observed 
that the rate of reaction of the limestones in this experiment 
was a function of the fineness of division, the finer limestones 
reacting more rapidly in decreasing the hydrogen-ion concen-
tration and also in replacing the exchangeable hydrogen of the 
exchange complex. The hydrated lime reacted with the soil 
more rapidly than the finest limestone used, which was suffi-
ciently fine to pass a lOa-mesh sieve. 
The data indicate that from the practical standpoint, if lime-
stone is to be applied in amounts equivalent to the lime require-
ment of the soil, it would seem desirable that a large portion or 
all of it be ground sufficiently fine to pass a 40-mesh sieve. 
Furthermore, there would seem little or no advantage in having 
the limestone ground as fine as lOa-mesh, and the additional 
cost of grinding limestone to lOa-mesh would undoubtedly add 
considerable to the cost of liming acid soils. 
SUMMARY AND CONCLUSIONS 
Experiments were conducted to determine the effects of lime-
stone applied to Grundy silt loam in different amounts and de-
grees of fineness on the changes in the hydrogen-ion concentra-
tion and on the base exchange reactions in the soil under field 
conditions. 
Quarry-run limestone was applied at rates of 1, 2, 3, 4, 5 and 
6 tons per acre, and 20, 40 and lOa-mesh limestone of the sam\) 
origin was applied at a uniform rate of 3 tons per acre, which 
was the lime requirement of the soil. Hydrated lime was also 
applied in CaO equivalent to 3 tons of limestone per acre. 
Samples of soil were taken from the variously treated plots 
and analyzed at frequent intervals over a period of 5 years. The 
data have been analyzed statistically with the following results: 
1. In every case the application of limestone or hydrated 
lime increased the pH of the soil and the greatest change in re-
action occurred during the first month after treatment. 
2. The amount of change in pH was a function of the 
amount and the degree of fineness of the limestone applied. For 
each additional ton of limestone applied up to 6 tons per acre, 
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which is double the lime requirement of the soil, there was a 
significant or highly significant increase in the mean pH of the 
soil. Similarly, the finer the limestone applied the more rapid 
was the change in pH, and also the greater was the extent to 
which the pH was changed during the period of the investiga-
tion. 
3. The greatest immediate change in pH in the soils receiv-
ing the quarry-run limestones was effected by the largest 
amount applied, and the proportionate change from year to 
year was also greater in the soils receiving the larger appli-
cations. 
4. When the soils were treated with the limestones of differ-
ent degrees of fine~ess or with hydrated lime, 'the greatest 
change in pH was effected by the lOa-mesh limestone and the 
hydrated lime, and this occurred chiefly within the first month 
after treatment. The increases in pH induced by the coarser 
materials were smaller in the beginning but continued for a 
longer period. 
5. The mean differences for the 5-year period between the 
pH of the soils treated with 40 and lOa-mesh limestones were 
not significant, and the 40-mesh limestone was almost as effec-
tive the first season as the lOa-mesh. 
6. The base exchange capacity of the variously treated soils 
did not differ significantly in anyone year. 
7. There was a consistent decrease in the amount of ex-
changeable hydrogen in the base exchange complex resulting 
from the application of each additional ton of limestone, and 
the differences from treatment to treatment and for each treat-
ment from year to year were highly significant statistically. 
8. The larger amounts of limestone brought about the great-
est reduction in exchangeable hydrogen during the first half 
year, and they also continued to reduce the amount of exchange-
able hydrogen most rapidly throughout the 5 years. 
9. There was a definite and consistent increase in the degree 
of saturation of the base exchange complex with the application 
of each additional ton of limestone from year to year after 
treatment. 
10. The largest amount of limestone applied, which was 
double the lime requirement of the soil, did not completely sat-
urate the exchange complex with bases, but applications equiva-
lent to the lime requirement or above increased the degree of 
saturation to about 80 percent. 
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11. The finer grades ' of limestone decreased the amount of 
exchangeable hydrogen most rapidly and to the greatest extent. 
They also increased the degree of saturation of the exchange 
complex with bases to a greater extent than did the coarser 
grades, but were surpassed in effect by the hydrated lime. ' 
12. There was a very highly significant negative correla-
tion, -0.75, between the pH of the soil and the amount of ex-
changeable hydrogen, which is really a positive correlation be-
tween the hydrogen-ion concentration and the €xchangeable 
hydrogen of these soils. There was also a close correlation, 
+0.625 between the pH of the variously treated soils and the 
degree of saturation of the exchange complex. 
13. The data indicate that it may not be desirable to apply 
sufficient limestone to Grundy silt loam to decrease the acidity 
to pH 7.0 nor to r eplace all of the exchangeable hydrogen and 
completely saturate the exchange complex· w.ith bases. 
14. The data also indicate that a large proportio~ of the 
limestone used should be ground sufficiently fine to pass a 40-
mesh sieve and that it is not necessary that the limestone be 
ground as fine as 100-mesh, when used under field conditions. 
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